The existence of power law statistics in solar and stellar flares has prompted the suggestion that solar and stellar coronae are in a self-organized critical state, but the physical foundation of this theory is lacking. We present observational evidence from 107 flare events in 37 sun-like stars that solar and stellar coronae self-organize into a critical state set by a bifurcation in the dynamics of magnetic reconnection that initiates coronal eruptions.
INTRODUCTION
The solar corona is the setting for the most violent eruptions in the solar system: solar flares and coronal mass ejections (Aschwanden et al. 2001) . Modeling of coronal dynamics is an active research area (Parker 1988; Hudson 1991; Georgoulis et al. 1998; Liu et al. 2002; Craig & Wheatland 2002; Shibata & Yokoyama 2002; Hughes et al. 2003) . Interestingly, there is strong evidence that the physics of the solar corona is generic to coronae in sun-like stars. Light curves from solar and stellar flares have similar characteristics (Gershberg 2005) . Both solar (Lin et al. 1984; Dennis 1985; Crosby et al. 1993; Feldman et al. 1997; Wheatland 2000; Nita et al. 2002; Paczuski et al. 2005 ) and stellar (Collura et al. 1988; Shakhovskaya 1989; Audard et al. 2000) flares exhibit power law statistics over a wide range of scales for many observed quantities, such as the number of flares per unit energy per unit time, the total and peak energy release, the event duration, and the waiting time between flares. See Charbonneau et al. (2001) for a review.
It has been suggested (Lu & Hamilton 1991) that power law statistics would occur if the corona was in a self-organized state. Self-organized criticality (SOC) (Bak et al. 1987 ) occurs in driven, dissipative systems when energy is stored as the system is driven to a critical state at which the system undergoes a major reconfiguration (an avalanche). There have been many studies of SOC in the corona (Lu & Hamilton 1991; Lu et al. 1993; Zirker & Cleveland 1993; Vlahos et al. 1995; Longcope & Noonan 2000; Isliker et al. 2001; Charbonneau et al. 2001) , but most trade a firm physical foundation for the ease of performing cellular automaton simulations. If SOC describes the storage and release of magnetic energy by eruptions in the solar corona, a firm physical understanding of (1) the mechanism for self-driving and (2) the physical condition which sets the critical state at which the eruption occurs is imperative. Here, we propose that the mechanism underlying both processes is the dynamics of magnetic reconnection (Cassak 2006) .
Magnetic reconnection is a dynamical process which converts stored magnetic energy near a thin current sheet termed the diffusion region into kinetic energy and heat. Reconnection is profoundly dependent upon the collisionality of the system. Collisional (Sweet-Parker) reconnection (Sweet 1958; Parker 1957 ) is exceedingly slow. Collisionless (Hall) reconnection, however, is orders of magnitude faster (Aydemir 1992; Birn et al. 2001) , in accordance with observed solar flare time scales. A recent study (Cassak et al. 2005) found that the transition from collisional to collisionless reconnection is catastrophic, occurring when the thickness δ SP of the Sweet-Parker diffusion region becomes smaller than the radius ρ i of the gyromotion of the ions. At this scale, the magnetohydrodynamic (MHD) approximation breaks down and the Hall effect (absent in MHD) allows for reconnection to be fast (Mandt et al. 1994; Shay et al. 1998; Birn et al. 2001; Rogers et al. 2001 ). The transition is caused by a saddle-node bifurcation (Cassak 2006; Cassak et al. 2007b ) which takes stable equilibria out of existence as a control parameter (δ SP /ρ i ) varies.
The self-organization process is a result of dynamics of reconnection. An active region in a pre-flare state cannot be collisionless: if it were, any stored magnetic energy would be released by Hall reconnection. Therefore, the pre-flare active region is collisional, and any reconnection that takes place is Sweet-Parker. Since Sweet-Parker reconnection is exceedingly slow, magnetic energy can be stored. It has been shown ) that the (Sweet-Parker) reconnection process spontaneously self-drives the system to lower collisionality; we discuss the mechanism further in Sec. 4. If the properties of the corona (such as the strength of the magnetic field) allow for the critical state of marginal collisionality to be reached, a bifurcation causes Hall reconnection to begin, eruptively releasing the stored energy and returning the corona to a collisional state. The continual self-driving of the corona toward lower collisionality keeps coronal parameters near the conditions where the bifurcation occurs. Uzdensky (2006 Uzdensky ( , 2007a independently proposed a similar model using a different mechanism for self-regulation.
Observational testing of the importance of reconnection in solar and stellar coronae would entail confirming the hypothesis that δ SP and ρ i are comparable at fast reconnection onset. Recent laboratory experiments of reconnection (Ren et al. 2005; Egedal et al. 2007) are consistent with this condition, but direct observations of the solar corona are impossible because the length scales are far smaller than the highest resolution available. However, indirect verification is possible by estimating δ SP and ρ i using observed coronal parameters. For an active region on the Sun, one finds both length scales to be a few meters, as has been noted previously (Priest & Forbes 2000; Uzdensky 2003; Bhattacharjee 2004; Cassak et al. 2005 Cassak et al. , 2006 Uzdensky 2007b ). An important question is whether this agreement is indicative of a general mechanism or just a coincidence for solar parameters.
In the present study, we perform the first quantitative comparison of δ SP and ρ i using a large sampling of homogenous data from stellar flares on Sun-like stars. We find that the two length scales are comparable for every event in the sample, indicating that stellar coronae are indeed in a marginally collisional state at flare onset.
OBSERVATIONAL DATA
We use data from a recent study (Mullan et al. 2006) , which analyzed 134 eruptive flares from 44 stars of spectral type F, G, K, and M, using the Deep Survey/Spectrometer Instrument (DS/S) on the Extreme Ultraviolet Explorer (EUVE) satellite. The data come from a single instrument on a single satellite, so there are no spurious variations due to different instrumental characteristics. See Mullan et al. (2006) for a thorough discussion of the data.
The e-folding time τ d for the flare signal to decay and the emission measure EM were extracted from flare light curves. The data range in τ d from 10
2 − 10 5 sec and EM from 10 49 − 10 54 cm −3 . The original data were presented either as a bound on the values, a range of acceptable values, or as a particular value. In the present study, we retain events having a particular value or a range (using the average value), and omit events given as bounds, leaving 107 flare events from 37 stars.
The quantities τ d and EM were analyzed (Mullan et al. 2006 ) in terms of post-flare coronal parameters (the temperature T , the electron density n, the minimum magnetic field B min , and the length L and cross sectional area A of coronal loops) using an approach due to Haisch (1983) , which assumes that after a flare occurs, the radiative cooling time and the conductive cooling time are comparable to the decay time of the flare τ d . Assuming A ∼ (L/10) 2 , one finds (Haisch 1983 )
where α T = 4 × 10 −5 , α n = 10 9 , and α L = 5 × 10 −6 are constants (in cgs units). A lower bound for the magnetic field strength B min is found by the requirement that to maintain a coronal loop in the corona, the magnetic pressure B 2 /8π must be at least as large as the gas pressure 2nk B T , where k B is Boltzmann's constant.
The Haisch model is subject to certain criticisms. For example, it has been argued that the radiative and conductive cooling times are not comparable for impulsive flares and that the radiative time does not scale like the decay time (Priest & Forbes 2000) . Moreover, four parameters (T, n, L, and B min ) are extracted from two measurements (τ d and EM), so the estimates of the four parameters are correlated. In order to address these points, Mullan et al. (2006) surveyed the literature for independent measurements of T, n, L, and B min , finding that 178 out of 212 measurements were consistent with the Haisch model. This provides justification for treating the derived parameters as valid independent of the Haisch model.
DATA ANALYSIS
The relevant length scales can be related to ambient plasma parameters. The thickness δ SP is given by (Parker 1957) 
where η is the resistivity, c is the speed of light, c A = B/(4πm i n) 1/2 is the Alfvén speed, B is the strength of the reconnecting magnetic field, n is the plasma number density, m i is the ion mass (hydrogen for the present application), and L SP is the length of the Sweet-Parker current layer in the outflow direction. For reconnection between anti-parallel magnetic fields, the relevant gyroradius ρ i is the ion inertial scale (or ion skin depth) d i (Shay et al. 1998) ,
where ω pi is the ion plasma frequency and e is the ion charge. Using equations (2) and (3),
where ν ie = ηne 2 /m i is the ion-electron collision frequency. Therefore, the critical state is one in which the transit time along the Sweet-Parker diffusion region is comparable to the time it takes for the velocity of an ion to change appreciably due to collisions with electrons, i.e., the system is marginally collisional. [See also Uzdensky (2007b) .]
To calculate δ SP and d i , we use n for the density and B min for the magnetic field upstream of the dissipation region. We relate the temperature T to the resistivity using the Spitzer formula (Spitzer & Härm 1953) 
where m e is the electron mass and ln Λ = ln[(3/2e
] is the Coulomb logarithm. Use of this formula is justified because the ion mean free path (∼10 km for solar conditions) is small compared to length scales in the outflow direction (∼ 10 4 km) and along the current sheet (∼ 10 5 km). Finally, the current layer in Sweet-Parker reconnection extends to system scales (Biskamp 1986; Uzdensky & Kulsrud 2000; Jemella et al. 2004) , so L SP is on the order of the radius of coronal loops. Therefore, we take L SP ∼ A 1/2 ∼ L/10, consistent with the Haisch model (Haisch 1983 ). The results of comparing δ SP to d i using the stellar flare data from Mullan et al. (2006) are plotted in Fig. 1 with F 3 sec and EM = 10 48 cm −3 for compact flares are plotted as the asterisk and plus, respectively. A dashed line with slope of unity is plotted. The agreement is extremely good. A least squares analysis gives a best fit slope of 0.98 ± 0.02 with a correlation coefficient of 0.981.
It is encouraging that the slope of the line in Fig. 1 is consistent with unity as predicted by the model. However, there are various uncertainties and geometrical assumptions in the model. For example, the critical length d i is appropriate for anti-parallel reconnection, but for the more generic situation with a (guide) magnetic field parallel to the current sheet, the critical length scale is the ion gyroradius ρ s = c s /Ω ci based on the sound speed c s , where Ω ci is the ion cyclotron frequency (Cassak et al. 2007a ). The length scales d i and ρ s differ by a factor of β 1/2 tot , where β tot is the ratio of the gas pressure to the magnetic pressure based on the total magnetic field B tot . If coronal β tot values are of the order of 0.1, this introduces a factor of a few. The present analysis does not intend to distinguish between the two gyroradii; rather, the results demonstrate that δ SP is within a factor of a few of the gyroradius in active stellar coronae.
Another caveat of the result in Fig. 1 has to do with how the parameters are derived in the Haisch model. Using equations (2), (3), and (5), we find
where we used L SP = L/10 and defined the ratio of gas pressure to magnetic pressure in the reconnecting magnetic field as β rec = 2nk B T /(B 2 /8π), which we treat as a fixed parameter. Using equation (1) gives
where α ′ = (e 4 /15k 2 B )(2πm e /m i ) 1/2 = 1.09 × 10 −8 cm 2 K 2 is a constant. The very slow dependence on τ d /EM significantly suppresses scatter in the observational data when the Haisch model is used to evaluate δ SP /d i . However, the value of δ SP /d i is unconstrained by the Haisch model, so the slope of the line in Fig. 1 being of order unity is significant. Furthermore, since the data obtained using the Haisch model agrees with independent determinations of the same quantities from other studies (Mullan et al. 2006) , it is reasonable to assert that data obtained independently from the Haisch model would fall close to the same line.
We can avoid suppression of the scatter in the data by solving equation (7) for τ d and taking a logarithm of both sides. This yields log(τ d ) = log(EM) + C, where
using a value of ln Λ ∼ 22, which represents the stellar data rather well. If δ SP ∼ d i , this predicts a linear relationship between log(τ d ) and log(EM), with C being the y-intercept.
The stellar data are plotted in Fig. 2 with the same symbols as in Fig. 1 . The gray boxes show the range of values for eruptive and compact flares on the Sun (Priest & Forbes 2000) . Assuming δ SP ∼ d i and taking β rec to be of order unity, the prediction from equation (8) is plotted as the dashed line. While the data do not fall on a line, the line predicted by the hypothesis that δ SP ∼ d i does pass through the data. This in itself is significant. To see why, note that if δ SP was as large as 100d i (at 1 − 10m, still a very small length scale compared to the radius of coronal loops), the y-intercept C would be −15 instead of −47 and the line in Fig. 2 would lie 32 units higher, orders of magnitude removed from the data. Therefore, the hypothesis that δ SP ∼ d i brings significant ordering to the data.
A corollary of equation (8) is that one should not see large flares (high EM) with short decay times, i.e., there is a forbidden zone. This is borne out somewhat in the F, G, and K stars and rather well in the M dwarfs, as seen by the diamonds in Fig. 2 , where events with EM > 10 51 cm −3 have decay times of at least 1000 seconds.
The theory predicts that δ SP ∼ d i at flare onset, i.e., for pre-flare quantities, while the measured data refer to post-flare conditions. How does this affect the results? Following an eruption, the temperature in an active region increases due to heating and the density increases due to chromospheric evaporation. In the solar corona, temperatures typically increase by a factor of a few (Feldman et al. 1995) , while the density increases by at least a factor of 10 [compare pre-flare data (Schmelz et al. 1994 ) with post-flare data (Doschek 1990)] . From equation (6) and using β rec as a fixed parameter, δ SP /d i ∝ n 1/2 /T . With n increasing by a factor of 10 or more and T increasing by a factor of a few, the ratio δ SP /d i does not change appreciably for the solar corona. We assume this also true for stellar coronae, so that if δ SP ∼ d i is valid using post-flare data, it is equally valid using pre-flare data.
DISCUSSION
Let us consider the mechanism which drives the corona to self-organize toward a state of lower collisionality, i.e., towards (2) and (3)], one way this can occur is by an increase in the reconnecting magnetic field. This process is generic to the reconnection process even without external forcing . Since the layer where Sweet-Parker reconnection occurs is embedded within a macroscopic current sheet, the effective reconnecting magnetic field strength is much smaller than the asymptotic field. As reconnection progresses, stronger fields are convected into the reconnection layer by the inflow. If the asymptotic field is strong enough so that δ SP is eventually comparable to d i , an eruption occurs. [We note in passing that if the magnetic field B in an active region is not strong enough to ever satisfy δ SP ∼ d i for a given density and temperature then no eruption occurs, potentially providing an observational constraint on which active regions erupt and which do not.] As such, it is the dynamics of magnetic reconnection that drives the corona toward marginal collisionality.
The self-regulation of coronal conditions occurs as a result of the bifurcation in the dynamics of reconnection. If the temperature of the corona were to be artificially increased, the resistivity would decrease (since η ∝ T −3/2 ): this would allow a smaller magnetic field to initiate an eruption. As such, less magnetic energy would be stored and released, and the corona would cool. Alternately, if the corona were cooled, a larger magnetic field would be required to set off an eruption. More magnetic energy would be stored and released, which would increase the temperature. Either way, the temperature is dynamically driven back toward the critical value at which the plasma is marginally collisional.
An alternate mechanism (Uzdensky 2006 (Uzdensky , 2007a uses a change in density to control the self-regulation. After an eruption, chromospheric evaporation increases the coronal density, decreasing the ion gyroradius [eq. (3)] and making subsequent eruptions more difficult. The extent to which either, or both, mechanisms play a role in the corona is an open question. It would be interesting to incorporate these results into coronal SOC models to see if it provides an avenue to quantitative comparisons with data.
The present discussion of self-organization in the corona has focussed on large-scale flaring events for which data are available in many stars, but the underlying dynamics of magnetic reconnection is general. As such, it applies equally well to microflares and nanoflares, postulated as a mechanism for coronal heating (Parker 1988 ). The present model suggests that δ SP ∼ d i in the quiet corona, as well. Using values of T ∼ 1 MK, n ∼ 10 (Priest & Forbes 2000) are shown by the gray boxes.
